We used pulsed Doppler ultrasound to determine the flow dynamics of the aorta and patent ductus arteriosus (PDA) in 21 infants (ages 1 to 16 days) with PDA and aortic atresia (n = 15) or aortic stenosis (n = 6). The flow within the PDA was recorded in 19, and was right-to-left during systole in all. There was a diastolic left-to-right PDA shunt in 11 patients with aortic atresia and in three with aortic stenosis, and the shunt was associated with large (3 to 11 mm in diameter) interatrial communications. In two patients with aortic atresia and three with aortic stenosis, however, the diastolic PDA shunt was from right to left, and the interatrial communications were small (0 to 2 mm in diameter). The right-to-left diastolic PDA shunting may be best explained by the relative pulmonary (high with left-sided inflow obstruction and a small interatrial communication) and systemic resistances. All patients with aortic atresia and three with aortic stenosis had retrograde systolic flow in the transverse aortic arch, probably resulting from inadequate left ventricular output. Antegrade diastolic flow in the transverse aortic arch toward the PDA was observed in all infants with aortic atresia and a left-to-right PDA shunt. Ascending aortic flow was recorded in 11 patients with aortic atresia, and was retrograde during diastole in each, the result of coronary perfusion. Application of pulsed Doppler ultrasound can lead to a better understanding of the hemodynamics and physiology of patients with congenital cardiovascular disease.
INFANTS with congenital heart disease and left ventricular outflow obstruction may present in the newborn period with inadequate systemic blood flow. The use of prostaglandin El to produce a patent ductus arteriosus (PDA) has provided a means of improving the systemic circulation by allowing a right-to-left shunt through the PDA.1 While many studies have examined the flow in the aorta and PDA in premature infants, relatively few have addressed the patterns of flow in the newborn with severe left-sided obstruction. Information on these patterns of flow could provide a better understanding of hemodynamics in these infants. However, technical considerations have limited efforts to characterize pulsatile dynamics.
Electromagnetic flowmeters have been used in the experimental animal for quantitative measurements of the pulsatile dynamics of PDA flow, usually in newly created aortic-to-pulmonary shunts.2 These techniques have also been used at surgical closure in a small group of patients (Spencer and Dennison3 in the descending aorta of one patient; Cassels4 in the aorta proximal and distal to the PDA in five patients).
Evaluation of patients with techniques not requiring an operation is more difficult. Spach et al. 5 matched the instantaneous pressure difference across the PDA with cineangiographic examination of the pulmonary artery or ascending and/or descending aorta at cardiac catheterization in 64 patients (including nine with aortic atresia) to evaluate pulsatile pressure-flow dynamics with PDA. However, this technique can only be applied in the catheterization laboratory, a contrast/blood interface is needed so that the direction of flow can be observed, and injection of contrast out of phase with the cardiac cycle may alter the timing and direction of shunts by increasing the volume in a vessel of limited capacity.
Doppler ultrasound, however, is noninvasive, and can be used without disturbing the infant or altering the hemodynamic state. Both the direction and timing of flow are easily observed. Range-gated, pulsed Dopp-ler ultrasound allows precise localization of the area in which flow is examined. The purpose of our study was to use this technique to evaluate the flow in the PDA and aortic arch in newborn infants with aortic atresia or critical aortic stenosis. We also sought factors that might influence relative pulmonary and systemic vascular resistances to explain the patterns of flow that we observed.
Materials and methods
Patients. Twenty-one infants (16 days of age or less) with aortic atresia or aortic stenosis who had an associated PDA were included in the study (table 1). All were critically ill at the time of presentation. Two-dimensional echocardiography and pulsed Doppler ultrasound were used to establish their diagnoses and to evaluate the patterns of flow in the ascending aorta, transverse aortic arch, and PDA.
Ultrasound. Ultrasound studies in 21 infants were performed with an Ekoline 5500D mechanical sector scanner (Hewlett-Packard), with the use of a 5.0 MHz transducer for two-dimensional imaging and a 5.0 or 2.25 MHz probe for Doppler studies. All available acoustic windows were used for imaging studies. The diameters of the ascending aorta and PDA were measured. In the patients with aortic stenosis, the mitral valve annular diameter was measured from an apical window. When possible, vessels were measured axially by a leading-edge method. When imaging was not perpendicular to the structure, measurements were made from the midpoints of the brightest echoes.6
Range-gated pulsed Doppler interrogation from within the PDA and aortic arch was performed in each patient. Suprasternal notch or high parasternal windows were used for Doppler recording. The time and direction of flow were noted in the PDA, transverse aortic arch, and ascending aorta. Descending aortic flow was not consistently recorded, and was not included in our evaluations. A minimum beam/flow angle was sought, maximizing the flow velocity and audio signal. The maximum velocity was chosen. No attempt was made to adjust for the angle, since all studies were within 30 degrees of parallel to the vessel walls. No attempt was made to adjust for respiration.
Results
Patients. Aortic atresia was present in 15 patients. The diagnosis was confirmed by autopsy in seven, and by cardiac catheterization in two. One of these patients had a "normal sized" left ventricle associated with a ventricular septal defect. Coarctation of the aorta was confirmed in six of the 15. In six of the patients with aortic atresia, the diagnosis was established by ultrasound alone. Critical aortic stenosis was noted in six infants. In three, two-dimensional echocardiography suggested a small left ventricle. Coarctation was diagnosed by two-dimensional echocardiography in four, and ventricular septal defect in two. The diagnoses were confirmed by cardiac catheterization and surgery, or at autopsy, in all six. Aortic atresia. Of the 15 patients with aortic atresia, autopsy specimens were available from seven. The interatrial septum was examined in each, and communications ranging from 3 to 6 mm with a herniated flap of the foramen ovale or an atrial septal defect were found in five (table 2). Two patients had premature closure of the foramen ovale.
Ultrasound findings are summarized in table 1. Adequate Doppler ultrasound studies of the PDA were obtained in 13 infants, and demonstrated a systolic right-to-left shunt with a diastolic left-to-right shunt in 11 (figure 1, A). The two patients with premature closure of the foramen ovale had right-to-left PDA shunting throughout the cardiac cycle ( figure 1, B ). Retrograde systolic flow was seen in the transverse aortic arch in all 15. Diastolic flow was antegrade toward the PDA in 12 (figure 2), and retrograde in three (including the two patients with no left-to-right PDA shunt). Flow in the ascending aorta was recorded throughout the cardiac cycle in 12 infants. Retrograde flow toward the coronary arteries was present in diastole in all 12 (figure 3). In eight, there was transient low-velocity Vol. 74, No. 2, August 1986 "antegrade" flow during early systole (figure 3) , and in four there was a more prolonged "antegrade" systolic flow (figure 4). Flows in the ascending aorta were distinctly different from those in the right pulmonary artery or superior vena cava in all 12. The patterns of flow are diagrammed in figure 5 .
In patients 1 and 2, cardiac catheterization was performed immediately after the ultrasound study. Pulmonary and aortic pressures were equal in both cases. Angiography in each demonstrated diastolic flow into the pulmonary arteries through the PDA, retrograde systolic flow through the transverse aorta, and diastolic flow from the transverse and descending aorta into the PDA. In one patient, a large interatrial communication was documented by equal atrial pressures and unrestricted passage of an inflated balloon-tipped catheter. Relative pulmonary and systemic blood flows and resistances could not be calculated because systemic and pulmonary venous blood gases were not obtained.
Aortic stenosis. All six patients presented in the first 6 days of life with varying degrees of acidosis, poor peripheral perfusion, and congestive heart failure.
systolic right-to-left shunt through the PDA was demonstrated by Doppler ultrasound in all six infants. Diastolic flow was right to left in three, and left to right in three. Autopsy specimens were available front two of the three infants with continuous right-to-left PDA shunting, and the foranmen ovale was guarded by the flap with a I to 2 imm opening in each. The mitral valve anulus nmeasured on the two-dimiensional echocardiograms fromn these three infants ranged from 7 to 12 mm. Of the three patients with a left-to-right PDA diastolic shunt, a surgical atrial septectomy had been performed before autopsy in two; one had an 11 mm primum atrial septal defect. The mitral annular diameter as determined from two-dimensional imaging in these three ranged from 6 to 12 mm.
Antegrade systolic flow was demonstrated in the transverse aortic arch in two patients (one had coarctation of the aorta), while systolic flow was retrograde in four (three had coarctation of the aorta). Antegrade Prostaglandin E1 was being administered at the tinmie of ultrasound study in five patients.
The aortic valve appeared abnormal on the twodimensional echocardiograins of all six patienits. The
PDA was widely open in five, and appeared narrow in one. Coarctation of the aorta was ideIntified from twodimensional echocardiography in four infants, while the aortic arch was normal in two. This was confirnmed at autopsy or surgery in each. There was concern about hypoplasia of the left ventricle in three of the six infants, and autopsy revealed hypoplasia in all three. systolic flow was seen in the ascending aorta in all six infants, with peak velocities ranging from 1.6 to 3.5 (mean 2.3) m/sec. The four patterns of aortic arch and PDA shunting are diagrammed in figuire 6. Surgical procedures were performed immediately after the cardiac ultrasound sttudies in all six infants with aortic stenosis. Cardiac catheterization was performed later in four of these patients. Although this confinmed their diagnoses, calculations of pulmonary and systemic vascular resistances at cardiac catheterization were not applicable to the ultrasound study because of the intervening surgery.
Discius.sion
Evaluation of the flow dynamics of the aorta and PDA in infants with cardiovascular malformations is important because it provides a better linderstanding of the relative resistances of the pulmonary and systemic circulations, as well as the effects on the blood supply to the lungs and body. Unlike electromagnetic flow probes or angiographic methods, pulsed Doppler ultrasound is noninvasive and provides precise localization of flow in the sick infant without intervention. The technique does not rely on inferences made from small pressure differences, and does not alter the fluid dynamics by changing intravascular volumes. For these reasons, we chose the pulsed Doppler ultrasound method to examine the patients we studied. While Doppler ultrasound has been used to detect retrograde disturbed flow in the pulmonary arteries, and thus es- Left-to-right diastolic PDA flow. In patients with aortic atresia, the systemic circulation is supplied by the PDA, and we observed a right-to-left shunt during systole through the PDA with retrograde flow through the transverse aortic arch. This pattern was reversed during diastole, with flow through the PDA into the pulmonary arteries in all but two infants, a finding similar to that of Spach et al.' in their nine patients with aortic atresia. The distribution of blood flow to the systemic and pulmonary circulations may be best explained by the relative vascular resistances. During systole, right ventricular output will be partitioned between the lulngs and body according to these resistances. During the more passive diastolic phase, there is antegrade flow through both systemic and pulmonary capillary beds. If pulmonary vascular resistance is less than systemic resistance in diastole, some blood from the aorta could be "stolen" by the pulmonary circulation. We also observed diastolic left-to-right PDA shujnting in three of six neonates with critical aortic stenosis, suggesting that total diastolic pulmo- nary vascular resistance was less than systemic resistance in these three.
Right-to-left diastolic PDA flow. Three of the six patients with critical aortic stenosis and two of the patients with aortic atresia had a different pattern of PDA shunting, with both systolic and diastolic flow toward the systemic circulation. If pulmonary vascular resistance were greater than systemic resistance in diastole in these five patients, it could produce diastolic flow of blood from the pulmonary arteries toward the systemic circulation.
Elevated pulmonary resistance could be caused by the combination of obstruction of left ventricular inflow and a restrictive interatrial communication. Differences between left ventricular inflow obstruction in the two groups do not account for the different patterns of flow, since obstruction of left ventricular inflow is maximal in all patients with aortic atresia and intact ventricular septum, and there was no difference in the mitral annular diameters in the two groups of infants with aortic stenosis. Autopsy specimens available from four of the five infants with diastolic right-to-left PDA flow revealed tiny interatrial communications (0 to 2 mm) compared with those observed in the four specimens available from infants with diastolic left-toright PDA shunts (4.5 to 11 mm). This supports the concept that a small interatrial communication in infants with severe left ventricular outflow obstruction may produce suprasystemic pulmonary vascular resistance in diastole and right-to-left diastolic PDA flow.
Associated coarctation of the aorta was equally com- We have also observed a pattern of systolic and diastolic right-to-left flow of blood through the PDA in two newborn infants who had a large cerebral arteriovenous malformation. While elevated pulmonary vascular resistance cannot be excluded in these two infants, the pattern is best explained by markedly low systemic vascular resistance, lending further support to the concept that relative pulmonary and systemic vascular resistances in diastole determine the direction of diastolic flow through the PDA.
Transverse aortic arch flow in aortic atresia. In the nine patients with aortic atresia examined by Spach et al.,5 all of the diastolic left-to-right PDA shunting came from the descending aorta. However, we found diastolic flow toward the PDA in the transverse aortic arch in 12 of the 14 patients with aortic atresia that we studied. This suggests that the capacity of the aortic arch system in many patients with aortic atresia is large enough to allow runoff into the pulmonary vascular bed, in spite of the diminutive ascending aorta. The different findings of these two studies may be explained by sensitivity of Doppler ultrasound to smaller amounts of flow than are detectable by angiographic techniques.
Ascending aorta flow in aortic atresia. Doppler demonstration of flow in the ascending aorta in the patients with aortic atresia was difficult because the vessel is small, and care had to be taken to exclude the flow in the contiguous superior vena cava and right pulmonary artery. Nevertheless, we were able to obtain recordings of good quality in 12 of the 15 patients that we examined. Retrograde flow in the ascending aorta of patients with aortic atresia is necessary for coronary arterial supply. When ventricular pressure is systemic, coronary perfusion is primarily a diastolic event,"1 and it is not surprising that retrograde flow was predominantly diastolic in the patients we examined. The brief systolic antegrade flow observed in 11 infants is more difficult to explain. We used a 600 Hz filter to eliminate interference from wall motion, and it is unlikely that this is an artifact from motion of the ascending aorta toward the transducer during systole. It is possible that early systolic flow might occur if the atretic valve were a membrane that moved forward in systole, producing a piston-like effect on the column of blood in the ascending aorta. Longer systolic antegrade flow might result if there were retrograde systolic coronary arterial flow, as observed angiographically by Carroll and Falsetti.12 Significance of diastolic PDA flow. The patterns of flow in the PDA and aortic arch demonstrated in these three groups of patients by pulsed Doppler ultrasound are best explained by the relative resistances of the pulmonary and preductal and postductal systemic vascular beds. Spach et al.5 believed that the left-to-right PDA shunt in patients with aortic atresia could not be explained by the concept of vascular resistance. In the patients that we examined, however, this pattern of flow was associated with an atrial septal communication that allowed decompression of the left atrium, presumably lowering pulmonary vascular resistance. This concept is further supported by the finding of continuous right-to-left PDA shunting in two infants with a large cerebral arteriovenous malformation, in whom systemic resistance might be expected to be extremely low.
Only two of the 15 infants with aortic atresia underwent cardiac catheterization, and in each it was primarily an angiographic study. All cardiac ultrasound studies were performed before surgical intervention, while the cardiac catheterizations performed in four of the six infants with aortic stenosis were done postoperatively. Therefore, measurements of pulmonary and systemic flows and resistances at cardiac catheterization were not available in the patients that we examined.
Implications of diastolic left-to-right PDA flow. A diastolic left-to-right PDA shunt in newborn infants with severe left ventricular outflow obstruction may have important implications. Although the systemic perfusion in these patients may be improved by opening the PDA with prostaglandin El, blood from the preductal and postductal systemic circulations will be stolen during diastole by a low-resistance pulmonary vascular bed, increasing pulmonary blood flow. This may interfere with systemic blood flow and decrease the diastolic coronary perfusion pressure. The temporary clinical improvement resulting from opening the PDA will be diminished by these effects.
It may be possible to evaluate therapeutic interventions by examining the patterns of PDA shunting. In a patient with mitral atresia and a continuous right-toleft PDA shunt, for instance, reversal of the pattern of diastolic flow after attempts to enlarge an interatrial communication would suggest a successful effort. Loss of retrograde flow in the transverse aortic arch after aortic valvotomy for aortic stenosis would suggest improved left ventricular output, if the ductus were left open.
The PDA provides a Doppler window through which inferences about relative pulmonary and systemic vascular resistances can be made. Evaluation of the patterns of flow in the PDA and aortic arch could lead to a better understanding of the hemodynamics, physiology, and anatomic findings in individuals with other types of congenital heart disease.
